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Summary  : Block  19  '•  '  Sr  -  ~ 

Over  the  period  of  this  contract,  the  initial  aims  of  tlVis  project  were 
to  develop  techniques  for  incubating  intact  rat  lenses  in  vitro  in  order  to 
study  the  development  of  cataracts  when  lenses  are  exposed  to^vCWy and  pulsed 
microwave  irradiation.  We  planned  to  (1)  establish  minimum  cataractogenic  SARs 
for  irradiation  in  vitro  and  (2)  investigate  the  mechanisms  of 
cataractogenesis  in  such  lenses. 

Initial  studies  (see  final  report  June  19S1  for  DAKD1 7-80G-9449)  had 
indicated  a  linear  correlation  between  depth  of  cataractous  globular 
de generation  and  temperature  when  the  lens  was  exposed  to  a  short  period  of 
temperature  elevation  and  post  incubated  for  a  period  of  46  hr.  This  unexpected 
linear  relationship  was  found  between  37  C  and  50  C;  in  addition,  at  47  C  and 
50  C  some  very  large  globules  were  formed.  Surprisingly,  at  a  higher 
temperature  (60  C)  the  lenses  had  normal  opacity  and  acuity,  apparently 
because  they  had  been  fixed  by  the  high  temperature.  D-a-tocopherol  acetate 
when  added  to  lenses  before  incubation  at  41  C.  prevented  most  of  the  globular 
degeneration  observed  at  this  temperature. 

In  initial  attempts  to  expose  the  lenses  to  microwaves,  a  system  was 
devised  to  rapidly  circulate  thermostatted  coolant  around  the  lens  while  it 
was  being  irradiated.  This  system,  permitted  experimental  separation  of  heating 
effects  in  the  lens  from  effects  due  to  electromagnet ic  radiation,  since  there 
was  r.c  measureable  temperature  elevation  in  the  lens  with  respect  to  the 
surrounding  medium  even  at  highest  microwave  exposure  levels  tested. 
Irradiation  was  performed  for  two  exposure  times  and  at  three  SAP,  values. 


The  results  of  the  irradiation  indicated  that  the  effect  of  the 
r ©magnetic  radiation  itself  could  be  considered  tc  be  equivalent  to 
neat.ng,  since  at  the  highest  dose  rate  and  37  C,  large  globules  were  formed, 
which  would  otherwise  have  been  reported  only  at  47  C,  equivalent  to  a 
temperature  elevation  of  1C  C.  Pulsed  irradiation  at  high  SAP  values  appeared 
to  result  in  holes  in  the  surface  of  cells,  consistent  with  the  idea  that 
therncacoustic  expansion  is  causing  mechanical  damage  tc  cell  membranes.  An 
estimate  of  amount  of  damage  experienced  as  a  result  of  total  dose  level  of 
microwaves  was  consistent  with  the  idea  that  the  amount  of  damage  is  roughly 
proportional  to  the  total  dose  delivered  to  the  lens,  and  that  a  reciprocal 
relationship  exists  between  dose  rate  and  time  required  tc  cause  a  defined 
am:.:-  '  :  globular  degeneration.  ^ — - 


More  work  under  the  contract  ^DA 
itilitv  of  reciprocity,  which  has 
:  r  rrr.icaliy  exposec  tc  low  levels 
tr.e  effects  of  acute  extcs.re.  In 
?-:s.  4C.  1-13  (  1985)  1  irticatec  re 
rate.  Further  studies  have  ir.dica 
am.age  could  be  explained  by  a  moce 
were  separated.  Nevertheless,  the 
uate  fit  for  practical  purposes  an 
licity.  For  both  models  the  pulsec 
r  cf  carnage  caused  by  CV  irradiat: 


was  dene  to  explore  the 


r:  implications  for  personnel  vh 


between  exocsure  duration 


t  more  c f  me  variation  t r.  c e r t r. 
i ch  the  effects  c :  duration  and 


ecirrccai  effects  model  may  provide  an 
has  the  advantage  of  greater 
irraciatton  produced  4."  times  the 
t .  This  difference  is  consistent  with 


previous  C'u'-Pulsed  comparison  by  Mar'na  used  ir.  setting  up  the  Czechoslovak 
safety  standard  which  sets  different  standards  for  pusled  and  CV;  irraciati 
(Marha ,  1963). 

The  most  recent  work  was  acne  to  compare  the  effects  of  varying  puls 
parameters  likely  to  affect  the  pressure  wave  induced  as  a  result  of 
thermoelastic  transduction.  The  operative  pulse  parameters  to  be  studied  v 
rhe  culse  peak  power  and  pulse  duration.  Work  was  done  to  explore  these 
parameters  under  the  contract  extension  until  April  30,  1986.  This  work 
revealed  significantly  greater  depth  of  damage  at  peak  powers  of  48  KU  tha 
with  2-  KV  peak  power.  The  nature  of  the  damage  response  to  increases  in 
average  power  and  exposure  time  also  was  more  pronounced.  Deeper  damage  wa 
observed  at  lower  powers  and  exposure  times  for  48  KW  pulse  peak  powers. 

A  more  detailed  analysis  of  the  48  KW  data  revealed  significant 
increases  in  depth  of  damage  associated  with  increased  pulse  duration, 
increased  average  power  absorption  and  increased  exposure  time. 
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A.  INTRODUCTION 

Microwave  cataractogenesis  is  generally  considered  to  be  a  consequence 
cf  c he  average  power  absorbed  in  the  ocular  lens.  It  is  often  stated  that 
temperature  elevation  alone  produces  lens  pathology  (e.g.,  Cleary,  1980)^  In 
fact.  Kramar  et  al  (1975)  concluded  that  a  retrolental  temperature  of  41  C  is 
a  threshold  value  for  lenticular  pathology  (as  determined  by  slit  lamp  ^ 
examination)  which  may  be  associated  with  a  SAR  of  ca  150  m.K/g  for  ca  10 
minutes  of  exposure.  The  results  of  Carpenter  (1977)  differed  somewhat,  since 
equivalent  retrolental  thermal  histories  produced  by  treatments  using,  either 
2A;C  MHz,  or  direct  conductive  heating  by  a  ring  applied  tc  the  sclera, 
produced  different  lens  pathology.  Also  incidence  of  lens  pathology  was 
reduced  from  5/5  to  1/16  respectively.  Similarly  rabbit  retrolental 
temperatures  produced  bv  restricting  convective  heat  exchange  via  ear  muffs 
and/or  hot  air  directed  to  the  ears,  along  with  comparably  reduced  microwave 
dose,  reduced  the  probability  of  lens  opacity  from  5/6  in  the  pure  microwave 
case  to  3/10  in  the  convection-restricted  case.  Carpenter  concluded  that 
retrolental  temperature  elevation  is  necessary  but  not  sufficient  to  produce 
cataracts . 

Our  results  (Stewart-DeHaan  et  al.  1983)  from  in  vitro  exposures  (where 
precise  temperature  regulation  was  possible)  differed  from  Carpenter  in  that 
murine  lens  histopachologv  produced  by  heat  was  not  produced  by  CW  power  at  1 
GHz.  The  effects  produced  by  CW  power  also  persisted  in  the  absence  of  net 
temperature  elevation  when  lens  temperature  was  controlled  by  flow  of  coolant 
over  the  lens. 

The  issue  of  the  thermal  origins  of  lens  histopathology  may  be 
considered  from  another  direction.  If  heat  is  the  only  pertinent  parameter, 

'  •  r- 1 modulation  should  have  no  effect  so  long  as  the  absorbed  average  power, 
temperature  and  duration  are  closely  controlled.  Pilot  results  reported  in 
!9S:  (Stewart-DeHaan  et  al,  1980)  suggested  that  pulsed  irradiation  optimized 
fcr  thermoelascic  expansion  (TEE)  produced  lens  histopathology  which  differed 
in  both  qualitative  and  quantitative  terms  from  that  produced  by  CW 
irradiation  of  the  same  average  power.  To  the  extent  that  these  findings  are 
correct,  the  average  heating  produced  by  the  field  cannot  be  the  sole  operant 
parameter . 

Comparisons  of  pulsed  and  CW  microwave  irradiation  have  been  performed 
in  the  past.  Weiter  (1975)  measured  ier.s  ascorbic  acid  ( a  biochemical 
precursor  of  lens  opacification)  in  rats  after  48  hours  incubation  prior  tc 
exposure  to  pulsed  and  CW  fields  of  150  mW/cm"  power  density  at  the  site  where 
the  rat  was  later  to  be  placed  fcr  exposure.  The  frequency  cf  irradiation  was 
1 : :  1  MHz.  the  pulses  were  1  ..  S  Itr.g  at  a  frequency  of  5CC  Hz.  Heat  ram.  IN 
river  and  pulse  power  produced  equivalent  changes  indicating  little  deference 
in  effects.  Birenbautr.  et  al  ( 19c-  studied  pulse  and  CW  fields  cf  the  same 
average  power  at  5.5  GHz  in  rabbit:  Tr.e  pulse  width  was  1C  -  sec;  the  average 
power  was  1  watt  and  the  PRF  was  50C  Hz.  The  animals  were  exposed  by  a  contact 
applicator  consisting  of  a  Stvcast'  dielectric  lens  and  transition  in  close 
opposition  to  the  conjunctive  and  cornea.  A  different  assay,  by  slit  lamp 
examination,  failed  to  show  any  difference  in  threshold  between  CW  and  pulsed 
•exposures  (Carpenter,  1962'.  In  these  experiments  Carpenter  used  245C  MKz  and 


Trademark,  Emerson  &  Cummings.  Inc.  Canter.,  MA . 


v3 .  ;  MHz :  the  pulsed^exposures  were  at  a  51',  cuty  factor  arid  an  average  power 
density  of  140  mW/CK  .  Although  the  results  were  ambiguous,  it  has  become 
increasingly  frequent  to  cite  this  study  as  failing  to  show  effects.  One 
report  of  lens  pathology  from  pulsed  exposures  (Richardson,  1951)  has  neither 
a  C"  comparison  nor  a  suitable  description  of  exposure  conditions. 


It  has  been  shown  that  pulsed  fields  can  elicit  elastic  waves  in 
biological  target  organs:  the  potential  of  ocular  hazards  (Neelakartasvamy  and 
Rama  .-cr  i  shnan ,  1978,  1979)  secondary  to  thermoelastic  expansion  has  been  cited 
as  a  r.ew  hazard  mechanism,  but  no  experimental  evidence  was  presented. 

The  comparison  of  the  extent  of  effects  from  pulsed  and  CW  irradiation 
anc  : re  rcle  of  TEE  as  an  additional  mechanism  for  damage  by  pulsed  microwave 
irradiation  is  important  net  only  because  of  the  generally  held  view  that 
heating  and  associated  temperature  elevations  are  the  only  causative 
mechanisms  of  lens  pathology.  It  also  suggests  the  possibility  of  serious 
hazards  arising  from  high  peak  power  microwave  emitters  with  low  duty  factors. 
In  such  situations  the  question  arises  if  the  hazard  potential  of  the  field  is 
cepen.cer.c  only  on  average  power  of  the  field,  or  whether  TEE-dependent  effects 
may  result  in  added  hazards  net  presently  appreciated.  Since  prior  work  has 
not  fully  addressed  these  issues  in  light  of  TEE  theory  we  decided  to  perform 
the  following  experiments  which  determine  effects  of  CW  irradiation  and  to 
compare  these  results  with  previously  reported  results  and  additional  new 
results  for  pulsed  microwave  irradiation  at  similar  average  powers. 

In  our  previous  (Stewart-DeHaan ,  et.al*  1984)  report,  it  was  shown  that 
the  reciprocal  model  DEP  =  (POV  X  TIME)‘/  provided  a  good  fit  to  the  observed 
depth  of  damage  to  the  ocular  lens  caused  by  pulsed  wave  irradiation.  Our  1985 
annual  report  presented  results  of  a  similar  analysis  comparing  pulsed  to 
oonr  :  r.uous  wave  irradiation.  In  this  report  this  data  is  repeated  and  models 
ceve iOpec  to  incorporate  results  for  both  continous  and  pulsed  waves,  are 
fur'r.er  expanded  to  explore  (i)  effects  of  increasing  peak  pulse  power  and 
'it  effects  of  changing  pulse  duration. 

E.  MATERIALS  AMD  METHODS 


After  dissection,  lenses  of  Sprague  Dawley  (waiter  Reed  strain)  rats, 
180-200  g  average  weight,  with  intact  capsules,  were  either  temporarily  placed 
-t.  z r. c spha t e-buf f er ed  saline  in  culture  tubes  cr  immediatelv  transferee  tc  the 
•:xr : -.rs  cell  described  in  a  previous  publication  (Stewart-DeHaan.  Creighton, 
-arsen.  Jacobi,  Ross,  Sanwai,  Guo.  Guc  and  Trevithick.  1983)  (Fig.  1'  m  which 
t.ney  were  bathed  by  circulating  phosphate-buffered  saline  (RES'  curine 
ext:  sore  to  microwave  irradiation  in  wave  juice  at  C;S  MHz  (Stewart- 

.  e  r.  a  =  n  e  t  a  1 ,  1980.  1985;.  It.  lenses  fixer  in.r  ec  r  a  t  e  1  v  after  irradiate.:  r. . 
ta-ate  is  observed  in  roughly  a  wedge  shape;  ring  at  the  stutter,  vitr.  the 
are:  :f  the  wedge  penetrating  towards  the  nucleus.  Vher.  car.ace  occurret 
posteriorly  and  anteriorly  it  was  fount  in  a  thin  1  a ve r  tec  in.  nine  at  the 
capsu. e  and  proceeding  inward  towards  tne  lens  nucleus. 

senses  were  irradiated,  fixed  immediatelv.  then  processed  anc  examined 
eitr.er  by  scanning  electron  micros ccpv  as  we  crevicuslv  described  (Stewart— 

- e.-.ii n  et  a  1  ,  1983)  cr  by  light  m icrcsccrv  cf  1  -  thick,  plastic  sections  of 
■lenses,  embedded  in  glycol  methacrvlate . 


The  average  transmitted  power  was  absorbed  completely  by  the  sample  in 
the  tuned  waveguide  system.  Specific  absorption  rates  for  this  system  were 
measured  previously  without  buffer  circulating  through  the  hoses  connected  to 
permit  circulation  of  saline.  Repeating  this  measurement,  with  saline  not 
circulating  but  filling  the  hoses,  using  an  mi crowevetransparent  Luxtron  probe 
to  measure  the  temperature  resulted  in  a  decrease  in  SAR  to  approximately  half 
that  measured  previously.  With  no  saline  in  the  hoses,  the  SAR  values  we 
previously  reported  were  confirmed.  The  actual  SAR  values  (for  saline)  at  the 
location  of  the  lens  in  the  irradiation  cell,  with  corresponding  average 
transmitted  powers,  were:  power  (SAR)  2  W  (23  mW/g),  6  V  (69  mW/g),  20  W  (231 
r.W/g),  65  W  (750  mW/g) .  For  comparison,  those  we  previously  reported  (and 
confirmed)  were  2  V  (40  mW/g),  6  W  (120  mW/g),  20  W  (400  nW/g)  and  65  W  (1.3 
W/g).  The  pertinent  formula  for  calculation  of  the  SAR,  modified  by  Lin  et  al, 
1976,  from  the  original  formula  of  Johnson  and  Guy  (1972)  (SAR  (w/cc)  =  4.18  c 
T/t),  to  permit  expression  in  W/g  instead  of  W/cc,  is  SAR  (y/kg^  =4.18  c 
T/t,  where  c  is  the  specific  heat  of  the  sample  in  cal  deg  g  ,  c  is  the 
density  in  g/cc,  4.18  is  a  constant  for  unit  conversion  (1  calorie  =  4.18 
joules),  and  T  is  the  temperature  elevation  in  C  during  the  exposure  duration 
t  in  seconds.  £or  |he  calculation  we  assumed  the  specific  heat  of  water  tc  be 
0.998  cal  deg  g  and  the  density  0.998  g/cc  for  saline.  Experiments  are  in 
progress  to  determine  the  actual  values  for  heating. 

Five  separate  conditions,  at  different  times  and  average  powers  to 
permit  the  same  total  energy  to  be  delivered  during  6,  20  or  60  minutes  of 
irradiation,  at  different  SAR  values,  11.5,  23,  69,  231  roW/g  and  750  W/g,  were 
examined  for  both  CW  and  pulsed  microwave:  0.23  watt-min/g,  0.46  watt-min/g, 
1.31  watt-min/g,  6.9  watt-min/g,  and  a  maximum  of  15  watt-min/g. 

Microwave  irradiation  was  delivered  to  the  lens  in  the  pulsed  mode  with 
:  -  .10  usee  and  20  usee  pulse  width  and  24  KW  and  48  KW  of  peak 

transmitted  power.  Repetition  rates  were  varied  to  obtain  the  various  average 

pc-.w-rs. 


Fcr  each  lens  in  which  damage  could  be  observed,  granular  degeneration 
occurred  in  a  depressed  ring  in  the  zonular  region  and  around  the  lens 
equator,  with  the  apex  of  the  depression  towards  the  lens  nucleus  (see 
Results).  The  maximum  depth  of  degeneration  was  measured  at  the  deepest 
penetration  of  the  damage.  Measurement  was  made  in  the  region  40-60  u m 
immediately  posterior  to  the  centre  cf  the  zcr.ular  attachment  tc  the  exterior 
c:  the  capsule.  The  measurement  was  mace  from  the  inside  cf  the  lens  capsule 
tc  the  assessed  maximum  depth  of  visible  damage.  The  two  determinations,  'one 
cm.  each  side  of  the  lens)  were  averaged  (since  they  were  usually  quite 
similar  and  that  average  represer.tet  am  observer icr  ir  the  analysis.  If  tr.ly 
:me  rererm.ination  was  possible,  this  cetermtr.at  :cm  alcr.e  was  used.  This 
occurred  only  in  three  lenses,  all  teir.r  exposes  tc  pulsed  waves  fcr 
raclaci cm.  These  values  were  usee  cc  cerermire  erne  average  cf  maximum  dept. ns 
:  f  carnage  for  the  particular  condition  cr.csen.  All  determir.at  ions  were 
performed  blind  using  a  numerical  cede  end  the  code  broker,  after  the  analyses 
were  complete. 


10 


5 T I CAL  ANALYSES 


Initial  Pulsec-CW  Comparisons 

Ar.  analysis  of  the  effects  cf  pulsed  vs  continuous  vave  irradiation  on 
■cuiar  lens  was  performed.  The  purpose  of  the  analyses  was  to  compare  the 
cf  granular  degeneration  (EE?)  produced  by  continuous  and  pulsed  wave 
::a:icn  at  various  dose  rates  (POW)  and  lengths  of  exposure  (TIME). 


A  one-way  analysis  cf  variance  (ANCYA)  was  performed  on  the  continuous 
wave  data  alone  and  the  means  for  the  11  combinations  of  FOW  X  TIME  compared 
using  the  modified  Tukey  method  in  multiple  comparisons  (1953).  Such  an 
analysis  has  been  reported  previously  on  pulsed  microwave  irradiation 
•c-FeKaan,  1965). 


c  - 


.  S  "  C  • 


overt 


r.  crder  to  test  reciprocity  between  duration  of  exposure  anc  dose  rate, 
.  two  alternative  models  fit  tc  continuous  wave  anc  pulsed  data  were 


( 1 )  DEF  =  b  (POW  X  TIME)  'e, 
o  1 


o.  b„ 

EE?  =  b  (POW)  1  (TIME)  Ze, 
o  . 


The  first  model  states  that  POW  and  TIME  act  in  a  reciprocal  fashion  to 
determine  the  depth  of  damage  and  is  referred  to  as  the  reciprocal  effects 
mot-''  .  Model  (2)  allows  for  the  possibility  of  separate  effects  of  POW  anc 

. rough  coefficients  fc,  and  d,  .  Ir.  both  models  e  represents  a  random. 

multiplicative  disturbance . 'Overall  comparison  cf  pulsed  and  CW  effects  was 
: :  :v.  ir.iert  ly  performed,  using  these  models,  for  both  sets  cf  data. 

.he  adequacy  of  model  (1)  was  tested  against  the  alternative  expressed 
by  rural  (2).  Since  both  models  were  log-linear  this  was  done  by  fitting  the 
transformed  models 


1  r.  I DEP )  =  In  b 

o 


:  y  "--title  regression.  It 
tistrituted  with  mean  zerc 


Inspection  of  the  results  it.  1  succescec  that  the  cepth  cf  carat e 
crrcucec  by  the  two  radiation  types  riifercc  :\  a  r.ultit  licative  constant 
Tr. _s  the  reciprocal  model 


O  «D 
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1 

( 2  IE?  =  b  bx.  (POV  X  TIME)  e 

O  i 

■•.'if  proposed,  where  x  =  0  for  continuous  waves  anc  x  =  1  for  pulsed  waves. 

b ,  b, 

:i?  =  b  b.  (POV)  “(TIME)  "3. 
o  1 

The  linear  forms  of  these  models  were: 

(3 Ir.(EEP)  =  In  b  -  x  in  b,  -  b  In  (POV  X  TIME)  -  In  e 

o  12 

Ir.(DEP)  =  In  b  =  x  In  b .  -  b,  In(FOV)  -  b.  In(TIME)  -  In  e. 
o  i  z  j 

These  models  were  fit  tc  the  combined  data  using  multiple  linear  regression. 

A  second  one-way  AN OVA  was  performed  including  data  for  pulsed  and 
continuous  wave  irradiation  at  each  of  1C  POV  X  TIME  combinations.  The  method 
of  contrasts  was  then  used  to  compare  the  two  means  at  each  combination  of  ?0W 
X  TIME. 

C .  2  Most  Recent  Pulsed-CV  comparison 

C.2.1  Comparison  of  24  and  ^6  KV  Series  at  10  s 

' n  (1)  the  comparison  of  24  and  4&  KV  peak  powers  was  confounded  with 
circeren:  pulse  widths  (10  ar.d  20  s).  Ir.  this  analysis  c:  the  new  data  from 
■f  KV  series  at  1C  us  was  used  so  that  the  effects  cf  changing  peak  power 
alut-  could  be  examined.  There  was.  however,  another  complication  in  this 
.sen  being  that  the  2<-  and  48  KV  series  were  cone  with  a  different 
co*  figuration  of  the  apparatus  with  the  result  of  different  actual  absorption 
of  pulse  emitted  (POV).  Tc  account  for  this  in  the  analysis  the  actual 

power  absorbed  (NPOV  =  .437;  x  POV,  for  A£  KV  data,  was  used  as  a  covariate  in 
analysis  of  covariance  (ANCOA).  Thus  the  ccmpariscr.  cf  1-  and  Ag  KV  means  is  a 
:  o-r  *-  - :  s  or.  of  means  adjusted  tor  the  discrepancy  ir.  absorbed  irradiation. 

.-.M I  makes  this  adjustment  based  or.  the  observed  correlation  between  MFC” 
anc  earth  of  damage. 


in  this  analysis  was  similar  t:  tr.at  ccr.tainec  in  1  us  ing  -cat  a  :o 
vield  a  more  direct  comparison  with  tr.e  results  from  2-  KV  at  1C  _s 


(POW  X  TIME) 


.78 


1  ; 


72  r2  _ 


(2)  DIP  -  (POW) ■67(TIME)'8j,  R2  =  .79 


The  values  used  for  average  power  where  the  amounts  actually  absorbed  (KPOV) 
to  make  the  coefficients  corr.parable . 

C .  -  Revised  Comparison  of  Previous  and  N'ew  2 4  KW  Results 

This  analysis  consisted  of  fitting  the  12  observations  from  the  new 
series  to  the  separate  and  reciprocal  effects  models  with  POW  replaced  by 
NPOV.  The  coefficients  of  the  resulting  models  were  tested  against  those  given 
in  the  section  above. 

C.  3  Three  Factor  ANOVA 


Observations  taken  at  2.  1C  anc  20  us  pulse  widths  were  combined  in  an 
analysis  of  variance  (ANOVA)  for  the  A  x  3  x  2  (POV  X  TIME  X  PV)  factorial 
design.  This  analysis  was  also  performed  using  the  ANOVA  subprogram  in  SPSS 
(Version  9.0)  (2).  In  this  analysis  the  main  effects  of  each  factor  were 
assessed  with  the  other  two  factors  held  constant.  Similarly  the  two  and 
three-way  interactions  were  assessed  with  all  main  effects  and  other 
interactions  of  the  same  or  lower  order  held  constant.  This  means,  for 
example,  that  the  test  for  the  main  effect  of  PW  was  based  on  the  variation 
attributable  to  that  factor  after  the  variation  attributable  to  POW  and  TIME 
had  been  accounted  for. 

Three  Factor  Regression 


Two  regression  models  were  fit  to  the  complete  set  of  observations  taken 
at  -5  :1V. ' .  The  first  allowed  for  reciprocal  effects  of  POW  and  TIME  with 

:  ,:e  effect  of  PW.  The  second  provided  for  separate  estimates  of  the  leg- 
linear  effects  of  these  factors.  The  actual  amount  of  irradiation  absorbed 
■ N?CV. .  was  used  to  make  the  results  comparable  to  previous  models. 


2  •  1  bens  Damage  Observed  with  Pulsed  ar.c  C'-'  Microwave 

R:r  lenses  fixed  immectately  after  ext :s ere  the  derate  observed  was  :f 
t.'il  types:  (1)  holes  wirhir.  the  ftcer  cel.;,  estectallv  ir.  the  rector.  :f 
ctr.lar  attachment  in  the  ec-atorial  rector..  2  tacsular  effects,  such  a; 
ttett  r.g  or  surface  granular  i  cr. .  ;2  glcf-lar  regeneration.  sometimes  revering 
.arte  subcapsular  regions  but  mainly  within  t:.e  rcn.ular  attacr.mer.t  ar.c 
equatorial  region,  (4;  foam.,  locatec  immediately  subcapsular iy  within  tne  same 
region  and  ( 5 )  granulation  oi  fiber  ceils,  which  can  extend  deep  within  tne 
.er.s  f  tewart-DeRaan ,  1983,!.  Incubation  of  the  lens  for  a  further  48  hr.  as 
previously  reported  ( Stewart-DeHaar.  et  al.  i-l~- .  i°85)  results  in.  more  obvious 
carnage  as  effects  on  cell  membrane  in  teg  riot  cre  expressed  in  core  a  c  vane  at 
•damage:  globular  degeneration  and  foam. 
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Although  some  carnage  was  seen  in  lenses  fixed  immediately  after  exposure 
tc  pulsed  microwaves,  the  threshold  at  which  damage  was  observed  in  50'/.  of  the 
ler.ses  (TD,n)  varied  depending  on  the  type  of  damage  (Table  1).  For  lenses 
exposed  tc  CW  waves,  not  all  types  of  damage  were  seen;  usually  the  TD.^ 
occurred  at  higher  powers  than  the  T L,  observed  for  pulsed  microwaves  (Table 
2  ) . 

Except  for  the  similar  effects  observed  for  both  pulsed  and  CW 
irradiation  after  60  minutes  exposure  to  1/2  (10  mW/g)  average  power,  the 

lowest  power  at  which  damage  was  observed  occurred  at  lower  average  powers  for 
pulsed  irradiation  than  for  CW.  Conversely,  when  compared  only  by  AKOVA,  for 
the  sam.e  average  SAR  (or  power)  x  time  combinat ions ,  the  damage  observed 
following  pulsed  irradiation  was  always  greater  than  for  CW,  and  at  higher 
average  powers  the  damage  was  much  mere  extensive.  For  instance,  at  63  V,  the 
damage  from  pulsed  irradiation  was  extensive:  irregular,  jagged  areas  of 
granular  degeneration  intruded  deep  into  the  cortex,  while  the  CW  irradiation 
only  resulted  in  small  areas  of  granular  de generation  at  the  lens  equator.  A 
diagrammatic  view  of  changes  observed  in  the  area  of  the  lens  equator  after 
pulsed  anc  CW  irradiation  different  durations  anc  SAR  values  is  seen  in  Fig. 
2--.  ;n  figures  2  and  3,  CW  (Figure  2)  and  pulsed  (Fig.  3)  irradiation  effects 
are  represented  diagrammat ical ly  after  exposure  for  the  same  lengths  of  time  6 
min.  20  min  and  60  min.  In  Figure  4,  at  the  threshold  value  for  the  first 
observable  damage  at  the  lens  equator  (for  either  pulsed  or  CW),  this  damage 
may  be  compared  to  the  amount  of  damage  shown  by  CW  or  pulsed,  respectively. 
For  instance  in  Fig.  4c  the  lowest  p'  isec  power  level  at  which  damage  is 
observed  is  compared  to  Fig.  4d ,  which  illustrates  the  absence  of  any 
com.parable  damage  after  the  same  CW  power  level  and  time.  The  more  extensive 
damage  caused  by  pulsed  irradiation  (Fig.  4e)  at  the  CW  threshold  exposure 
(Fig.  4f )  (20  W,  SAR  230  mW/g)  is  compared  in  Fig.  4e  and  4f.  Finally  the 

:  ve  depth  of  damage  is  compared  for  pulsed  (Fig.  4g)  and  CW  (Fig.  4h)  , 
resulting  in  a  ratio  of  pulsec/CW  damage  of  approximately  3.0  at  the  maximum 
3.4:  •:  :  W  SAR  750  mW/g). 

For  irradiation  at  2C  minutes,  me  lowest  power  (Fig.  5c  /  at  which  the 
cuisec  irradiation  caused  discernable  damage  was  i/2  W  (SAR  516  mW/g).  At  this 
average  power,  no  damage  was  apparent  in  the  CV-irradiated  sample  at  the  same 
power.  At  the  lowest  CW  power  at  which  damage  coulc  be  observed  (2  W.  SAR  23 
mW  'g  (Fig.  5c)  the  pulsed  irradiation  caused  significantly  more  damage  (30  m 
deep  .  The  maximum  damage,  at  65W  (SAR  "50  r.W-'c  'Fig.  3g  *  is  observed  tc  be 
act :  •  .rratelv  four  times  as  deep  for  pulsed,  as  tcm.parec  tc  CW.  irradiat  icr. 

Fit.  3  h ; . 


-  -  -  e  • - c.w- 


.  c  «.  s  ...e  s.  ■ 


Following  6C  minutes 
t rulsec  (Fig.  6  c 
:1c  mW/g,',  although  s'. 
r  a  z  t  a  t  i  o n  •  t  a  r,  r  r;  t 6  r rr.a  c  t  a  t a  p  c  v t  '  -  £  • 

c  ^rradistion  c  c  u  s  6  c  Ccr.c  1 1  c.  rp  rex  it 
e  CW  irradiation  at  the  sam.e  average  pc 
urn.  average  power  (65  W.  75C  mW/g  Reg. 
e  for  pulsed/CW  irradiated  samples  was 


_  cVcTci 

-  —  •  c  ft  ' 


•i€.y  ttrr.tt  as  crea:  a  ce: 

%* e r  ( 5 C  a.  vs  15  rr  .  At  the 
t  z  .  h  '•  the  ratio  c  f  c  e  p  t  h  c  f 
ctrrcNi  TTi  a  t  e  i  v  -  •  r  . 


•  Statistical  evaluation  cf  tine  cate  was  performed  tc  evaluate  tr.e  cats. 

sr.r.T.  in  Table  2.  As  in  the  previous  results  for  pulsed  irradiation  Stewart- 
Eeh  =  ar.  et  al,  1984).  the  continuous  wave  irradiation  produced  increasing  teptr. 


cf  di-age  with  increasing  dose  rate  and  increasing  time  of  exposure  (Fig.  S). 
Pulsed  wave  irradiation  produced  consistently  greater  depth  of  damage  than  cid 
continuous  wave  irradiation  except  at  the  2  wart  6  minute  combination.  The 
pulsed  CV.’  differences  were  subjected  tc  detailed  comparison  at  10  different 
combinations  of  POX  X  TINE. 

2.  2  Models  for  Continuous  Nave  Irradiation 


The  estimated  models  (1)'  and  (2)'  are  shown  in  Table  3.  The  means  for 
the  data  used  are^giijen  in  Table  2.  The  separate  effects  model,  DEP  = 

C .-( PCX) ‘ (TIME)  ‘L  ,  accounted  for  7 61,  of  the  cbgerved  variation  in  DEP 
while  the  reciprocal  mode,  DEP  =  . 20(F0W  X  TIME)'  ,  accounted  for  671,  of  this 
variation.  The  F  test  shown  in  Table  L  snowed  that  for  the  continuous  wave 
data  the  separate  effects  model  explained  significantly  more  of  the  observed 
variation  in  DEP. 

The  95%  confidence  intervals  for  the  parameters  estimated  in  models  (1) 
and  2,  are  given  in  Table  5. 

2 .  2  Models  for  the  Combined  Data  for  2-  KX.  10  t-  sec  pulses  compared  to  CX 

The  fitted  equations  for  models  (3)'  and. (4)’  are-given  in  Table  6.  The 
separate  effects  model  DEP  =  . 09 ( U . 66 )x(P0W) ‘  ‘  (TIME)'  ,  explained  slightly 
more  of  the  variation  in  deptbgOf  damage  than  the  reciprocal  effects  model, 

DEP  =  . i 5( d. 71 )x(P0W  X  TIME)* 7  .  Table  7  shows  that  this  small  difference  was 
significant  or  the  separate  effects  model  explained  significantly  more  of  the 
observed  variation  in  depth.  The  means  for  the  additional  pulsed  wave  data 
used  in  this  analysis  are  given  in  Table  8. 

"he  95%  confidence  intervals  for  the  parameters  estimated  in  models  (3) 
and  are  given  in  Table  9. 

E  .  2 ‘.SCISSION 

E .  CX  Compared  to  Pulsed  Irradiation  (2d  KX.  1C  usee  pulses) 

The  thermogenesis  of  ocular  iens  histopathology  remains  an  issue  cf 
importance  in  microwave  biomedical  research.  Its  importance  derives  from  two 
;aottr-:  the  need  for  improved  biophysical  understanding  cf  the  mechanism  of 
- s t : .  .. thologic  effects  secondary  to  microwave  exposure,  and  the  need  to 
insure  safety  under  conditions  of  exposure  tc  high  peak  power  microwave 
emissions  where  the  average  power  absorbed  may  not  fully  represent  the  hazard. 

The  results  described  here  tlearl;.  ;r.;:;ate  cr.ao  for  microwave 
.  rra . .  a :  i  or.  at  918  mHz  modulation  c:  the  signal  ::  g  reduce  1C  -  sec  pulses 
res.lts  it.  more  damage  at  the  same  average  timer  for  ever;,  combination  tested 
except  cne  (2  X  SAR  of  23  r.X  g  fer  t  m:r.  .  A 1  enough  the  separate-  effects 
mocels  explained  significantly  more  cf  the  variation  in  depth  cf  carnage,  or.e 
reciprocal  models  may  provide  an  adec  uc l 6  f i *  f or  cracnca  1  puTposGs  * •>' i ir.  » r. g 
acvar.cage  of  greater  simplicity.  This  is  parcicuarly  true  in  the  case  of  the 
combined  data  where  the  actual  difference  ir.  7“  may  be  cf  little  practical 
importance  but  was  significant  because  cr.e  large  number  c:  observations 
greet  tec  a  very  powerful  test. 


(1963 


Ale  r.  c 
able 


The  graphs  of  both  models,  showing  their  fit  tc  the  24  KW  peak  pulse 
■  data,  are  given  in  Figure  7  and  8.  For  both  models  3  and  4  the  pulsed 
. iatior.  produces  4.7  x  the  depth  of  damage  caused  by  the  CW  mode.  Of  the 
’ a  1  mechanisms  by  which  such  additional  modulation-dependent  damage  ecu'! 
•.  (viz.  thermoelast ic  expansion  (TEE),  e lectrostr iction  effects  (ESE) 
the  most  likely  mechanism  is  TEE,  resulting  in  pressure  waves  induced 
.tueous  medium  and  lens  tissue  by  tbermoaccustic  expansion  following  ea: 

cf  microwave  energy.  The  acoustic  measurements  previously  performed  at 
tec  elsewhere  (Guo,  Guo  and  Larsen,  1984)  are  consistent  with  such  a 
r.ism:  pressure  waves  are  induced  by  each  pulse.  These  are  capable  of 
r.g  the  additional  types  of  physical  damage  previously  noted  for  pulsec 
waves  -  holes  in  cell  membranes,  large  globules  at  higher  power  etc.  Th 
thus  provides  evidence  for  significantly  increased  damage  as  a  result  c 
1  modulation  at  the  same  average  power  and  wavelength.  The  work  cf  Karl 
or.  biological  damage  by  CW  and  pulsed  microwaves  used  to  irradiate 
rats  supports  the  idea  that  high  energy  pulsed  irradiation  causes 
ficantly  more  biological  damage  even  at  the  same  average  power  of 
iatior..  Our  findings  confirm  this  in  indicating  approximately  4-3  times 
er  damage  for  pulsed  wave  irradiation  as  compared  to  CV  irradiation, 
ugh  the  irradiation  pulses  were  only  2  usee  duration  they  would  have  be 
tc  cause  a  significant  thermoacoustic  effect.  For  this  reason  we 
nuec  to  compare  pulses  of  different  duration  and  peak  powers. 


F.  RESULTS 

F .  1  Comparison  of  24  and  4£  KW  Series  at  10  V  sec 

Tables  10  and  11  show  the  data  used  in  this  analysis.  The  results  of 
ANCCVA  are  given  in  Table  12.  The  absorbed  irradiation  (NPOW)  had  a 
-  ,;r  •'  ft  cane  positive  correlation  with  depth  of  damage.  When  peak  power  means 
were  adjusted  for  the  discrepancy  in  absorbed  power  the  result  was  that  48  KW 
?"  '-..tec  significantly  deeper  damage  (p  -  .02).  Greater  time  of  exposure  also 
procured  significantly  more  damage  (p  =  .001!.  The  significant  PP  X  TIME 
interaction  indicated  that  the  effect  cf  peak  power  varied  from  one  exposure 
time  tc  another.  Since  the  adjusted  means  were  not  broker,  down  by  PP  X  TIME  it 
vus  net  possible  to  comment  on  the  nature  of  this  variation. 

F.  2  Reciprocal  and  Separate  Effects  of  Exposure  at  48  KW  and  10  usee 


he  reciprocal  and  separate  effects  models 
at  10  Psec  were: 


. mec  tree 


DEP  =6.58  'POL  X  TIME  " 


DEP  =  9. '8 


Neither  model  showed  as  good  ar.  overall  fit  to  the  4g  KV.‘  data  as  i: 
tc  r.re  2-  KW  data  in  terms  of  the  coefficient  cf  determination  (R).  As  fc 
--  '  tata  there  was  little  to  choose  between  the  reciprocal  and  setarats 
ef tiers  models  on  these  grounds  r.3:  vs  .3b  .  5cth  models  contained  pest: 
multiplicative  constants  with  smaller  effects  cf  PON  anc  TIME.  This  wcul; 
menace  greater  depth  of  damage  at  lower  levels  cf  POW  and  TIME  that  da- 
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cut  -ere  quickly  than  for  the  24  KM  results.  This  is  illustrated  ir.  the  cartage 
by  pover  profiles  of  Figure  9.  However,  these  results  must  be  interpreted  with 
some  caution  due  to  the  lack  of  observations  for  high  levels  of  absorbed 
irradiation  in  the  48  KM  series. 

The  coefficients  in  these  models  were  all  statistically  significant 
'p  <."1),  showing  a  significant  log-linear  relationship  of  depth  with  PC"-'  cr 
TIME  or  (?0V:  X  TIME). 

F  •  1  F.evised  Comparison  of  Previous  and  New  24  KM  Results 

Table  13  gives  the  data  from  the  series  run  on  the  new  apparatus  at  24 
KM .  when  this  data  was  fit  to  the  reciprocal  and  separate  effects  models  with 
average  power  adjusted  to  reflect  the  amount  of  irradiation  actually  absorbed 
the  results  were: 

DEF  =  £.1"  ( POM  X  TIME  F“  =  .82 

:■  DEP  =  6.89  (PCV:  ’ '  '  ( TIME  .  K“  =  .3- 


These  regression  functions  showed  some  evidence  of  change  from  the 
original  series  (p  =  .06  and  p  =  .11,  respectively). 

F •  -  Analysis  of  the  Complete  -£  KM  Data 

F.4.1  Three  Factor  ANOVA 

~ables  14,  15  and  16  give  the  mean  depth  of  damage  at  4g  KV  for  pulse 
s  of  2,  10,  and  20  usee,  broker,  down  by  average  power  and  time.  The 
ts  of  the  three  factor  AN'OVa  are  summarized  in  Table  17  and  illustrated 
.-res  10-12. 

Depth  of  damage  increased  significantly  with  increases  ir,  each  cf  the 
th:c<-  factors.  Figure  10  shows  that  the  damage  profiles  were  not  parallel  when 
examined  by  POM  and  PM.  This  accounts  for  the  significant  ?W  X  POM  interaction 
(p  =  .001).  Figure  11  shows  the  situation  fer  PM  X  TIME  with  the  lack  of 
increase  from  10  to  20  usee  with  a  6  minute  exposure  time  being  largely 
rest  -  :  i :  le  for  the  significant  interaction  r  =  .  C  C  1  .  Tr.e  relative!; 

para. -el  profiles  of  damage  by  power  ant  time  :r,  Figure  12  explain  tr.e  late  c: 
a  POM  X  TIME  interaction  (p  =  .797.  The  significant  three  way  interaction 

.ncitr, ;es  that  each  two- wav  trcii.e  v  c  ■, z  titter  it  t-rttet  ttr  eatr.  .eve  .  tt 

the  factor. 


•  -  ■  -  -tree  Factcr  F.egress  i  :  r .  - 

Tr.e  following  result 
cescribec  ir,  Section  2.*-. 2 


s  ’were 


DEP  =  13.6  (POV  X  TIME) 


.47 


The  coefficients  (exponents)  of  PC”.  TIME,  or  their  product  were 
significant  in  both  models  (p  <.C01)  as  were  the  constant  multipliers 
(p  <  .CCI).  The  coefficient  of  PV  was  not  significantly  different  from  zero 
(p  =  .Cl)  in  either  model  and  this  term  could  be  dropped. 

The  proportion  of  variation  explained  ( ?.' )  was  not  high  tor  either 
model.  The  value  of  R'  for  the  AN OVA  model  discussed  in  Section  F.4.1  was 
considerably  higher  (.~C,.  This  was  cue  to  the  fact  that  the  regression  model 
did  not  provide  for  interactions  between  all  the  factors.  Such  interactions 
explained  a  significant  amount  of  variation  in  ANOVA.  This  also  accounts  for 
the  : act  that  the  effect  of  ?V  was  significant  in  ANOVA  but  net  in  these 
particular  regression  models. 

F .  3  Prior  Work  and  Its  Interpretation 

Prior  work  has  been  interpreted  to  reach  the  conclusion  that  exposure  to 
pulsed  CV  irradiation  of  the  same  average  power  results  in  a  similar  degree  of 
damage  for  biosystems.  It  has  been  felt  that  this  danger  is  largely,  if  not 
solely,  the  result  of  average  temperature  elevation  (Cleary,  1°8C).  The 
historical  base  on  which  this  conclusion  is  reached  can  be  interpreted 
differently,  especially  in  light  of  thermoe last ic  expansion  theory.  E  ’en  sc, 
Carpenter  (1966)  remains  skeptical  that  pulsed  and  CV  fields  are  equivalent, 
but  his  data  are  not  sufficentlv  clear  to  reach  a  firm  conclusion.  In  view  of 
_V.‘-  TEE  mechanism,  Carptenter's  pulse  exposures  were  done  at  an 
extraordinarily  low  duty  factor  (501)  at  an  average  power  density  of  140 
mV .  Thus,  the  pulse  width  was  much  tot  long  tc  produce  TEE  efficiently, 
accenting  tc  equations  developed  to  calculate  the  thermcaccust ic  transduction 
(Lin  1 9"6).  The  absence  of  SAP  data  ar.c  the  coupling  ins  used  for  the  X-banc 
pulse  exposures  make  interpretation  of  this  study  difficult. 


The  work  of  Birenbaum  et  al  (1969)  is  mere  often  cit ec  as  evicence  for 
the  equivalence  of  pulse  and  CV  effects.  This  experiment  was  done  with  a 
series  of  100  rabbits  exposed  tc  pulsed  microwaves  anc  61  exp: sec  tc  TV. 
Eire-.:  _rr  et  al  used  a  variation  cf  a  contact  applicator  -eth;  t  ceviseo  ry 
Carpenter  (1968).  The  Birenbaum  applicator  ccr.sisteo  cf  a  section  c:  ccm.ir.an: 
model  "T"  band  rectangular  guide  (KRIS'  followed  by  a  transition  tc  double 
ridge:  guide  with  Stycast  (e_  =  11.  tan  d  =  7.171  dielettnc  loading  tetwee- 
tr.e  notes.  This  was  followed  by  a  ‘trams  i :  i  f  : :  circular  guice  ocrrlc-ttl 
:  1 1  - :  c  with  the  Stycast  dielectric.  Tr.is  :m.  section  v  s  .  1 ;  ‘  1 '  1.1' 

diameter.  1.458"  (1.22  cm  long  and  mnninec  for  a  ccnca  •  1  .  1  if  I.'.1' 
hem.i  sphere  into  which  the  animal's  eye  •••-,*  p  laced.  The  en  lie  was  sut-rec 
open  anc  a  pseudo  tear  film  layer  was  appli.ee  to  the  conjunct  ive  •  cornea .  Tr.e 
exposures  were  performed  at  tve  average  powers;  1  watt  and  11  watt.  No 
differences  were  detected  between  pulse  ar.c  TV  extesures  at  tr.e  same  average 
power  for  3  usee  pulses  at  a  1C  duty  fatter.  Tr.is  suggests  that  tr.e  pea- 
energy  was  3  rr.J  over  ar.  aperture  c:  1.1;  cm-  t:  result  ir.  a  peak  energy 


.as  s _ re  _ 


..'.IS  SUEEESCS 


a  teas;  enerr. 
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density  of  about  4  nJ/cm  .  This  should  have  beer,  a  sufficient  energy  density 
and  reasonably  efficient  pulse  width  for  the  frequency  of  operation  to  achieve 
TEE.  Vet  no  differential  effect  was  observed. 

The  reason  that  no  differential  effect  was  observed  may  have  been  a 
consequence  of  the  applicator  and  the  biological  end  points.  Firstly,  the 
applicator  prevented  normal  evaporative  cooling  of  the  cornea.  Secondly,  the 
applicator  was  likely  to  be  at  an  elevated  temperature.  Eased  on  a  tan  d  cf 
C.OCV  and  e'  =  12,  the  e"  was  i.2  x  10  The  SAR  gf  the  Stycast^dielectric 
may  be  estimated  from  SAR1  (C.556  x  10  ^  )  e"^  IE  of  (watts/cm  )  which 
yields . approximately  1.8  x  10  watticr.  .  The  volume  of  the  end  piece  was  ca 
1.4/ cm”  and  its  density  is  2.24  g/cmT.  Given  the  relationship  between  SAR  and 
temperature  elevation  per  unit  time  SAR  =  4.186  rcT/t  (Johnson  and  Guy,  1972; 
Stewart-DeHaan  et  al.,  1983)  where  p  is  the  density  in  g/cc  and  c  is  the 
specific  heat  and  based  on  a  specific  heat  in  the  order  of  unity,  the 
temperature  rise  would  be  ca  1/8  C  sec.  The  exposure  duration  was  3  min  which 
wculc  give  an  end  temperature  of  the  front  applicator  surface  (ignoring  heat 
transfer  to  the  guide)  of  ca  20°C.  This  added  to  case  line  temperature  of  23  C 
and  allowing  complete  cooling  between  runs  would  place  the  applicator  at  ca 
43  C  directly  on  the  conjunct iva/cornea .  This  is  a  sufficient  thermal  insult 
to  dominate  any  other  aspect  cf  the  exposure.  In  fact,  chere  is  ample  evidence 
cited  in  Birenbaum's  results  of  acute  anterior  chamber  effects  in  both  the 
pulse  and  CW  groups.  This  includes  "acute,  inflammitorv  reactions  of  the 
cornea,  conjunctiva,  iris  and/or  ciliary  body  were  observed  in  many  and 
probably  produced  in  every  exposed  rabbit  eye".  These  reactions  were 
"frequently  severe"  and  has  "usually  subsided  by  the  fourth  day". 

Additional  evidence  of  a  primary  anterior  chamber  effect  due  to  corneal 
heating  and  thermal  diffusion  to  the  lens  is  the  observation  that  lens  opacity 
-rally  long  in  latency  (2  to  3  weeks  pest  exposure)  and  "was  present  in 
the  anterior  portion  of  the  lens".  This  is  unusual  with  respect  to  the 
l,.’--:y.  Carpenter  (1977)  observed  absolutely  no  effects  until  after  24-4 £ 
.-.curs  and  opacity  after  3  tc  7  days.  The  anterior  location  of  the  lens  injury 
unusual.  The  5.5  GHz  operating  frequency  was  not  high  enough  to 
produce  preferential  anterior  chamber  heating  (Richardson  2951  and  unpublished 
obsecrations  of  LEL) .  The  expected  site  cf  maximal  intra-ocular  temperature 
elevation  at  5.5  GHs  is  retrolental  and  the  expected  opacity  would  be 
posterior  subcapsular.  This  strongly  suggests  that  Birenbaum’s  results  are 
causer,  by  corneal  heating  via  conduction  from  a  her  applicator. 

Pulsed  fields  have  Deer,  implicated  in  ultrastructura:  carnage  tc  cel 
miem.crar.es  and  mitochondria  with  ir.  vitro  exposures  cf  neuroblastoma  cells 
cult. re  'Webber  et  al.  198C  .  The  exposures  trek  place  at  2 . “  GHc  with  1 

rcria  were  observes.  Tr.ese  r  :t  :  tur lice  tec  simple  r  e  at  i 

a  c .  i  ..lent  or  higher  temperatures. 

Wc  comparisons  were  mace  tc  effects  ca.sed  by  CW  irradiations  rut  t 
effect  cf  the  heat  bath  treatment  is  ir.  contrast  tc  the  RMS  value  cf  the 
fielt.  Vo  mention  was  made  cf  TEE.  and  the  p.lse  width  would  be  subcptimal  fer 
the  frequency  of  operation  and  target  dielectric:  nevertheless.  TEE  could.  :e 
i  m.p  1 .  c  a  t  e  c . 
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~r.e  mechanism  not  implicated  in  the  contrast  of  pulse  with.  CW  exposure 
is  pearl  chain  formation.  This  is  an  electrostatic  effect  which  causes 
orientation  of  dipole  objects  along  force  lines  during  a  pulse.  In  between 
pulses.  Brownian  motion  disorders  the  pearl  chains.  Sher  et  al  (1970)  clearly 
cetonst rate  that  pearl  cha:r.  formation  is  net  augmented  in  pulsed  fields  even 
though  the  peak  values  are  higher  than  the  equivalent  power  implied  by  static 


r 
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Diagram  cf  exposure  apparatus  shewing  the  wave  guide  structure  arc 
glass  holder.  For  irradiation,  the  lens  is  located  at  the  bottom, 
cf  the  central  glass  tube;  buffer,  pumped  into  this  tube  (shown 
above  the  lens)  circulates  in  a  water  jacket  around  this  tube  anc 
then  passes  out  an  outlet  glass  tube  at  one  corner  of  the  jacket. 
The  square  metal  tube  through  which  the  tubes  enter  is  a 
waveguide,  which  provides  in  excess  cf  100  dr  a t t enua t i c in .  In 
addition  to  the  dimensions  shown  locating  the  lens,  the  distance 
of  the  lens  from  the  side  of  the  wave  guide  was  12.86  cm..  The  lens 
holder  was  located  1/4  guide  wavelength  from,  the  waveguide 
shorting  plate  placing  the  ler.s  holder  in  the  maximum  cf  the 
electric  field.  The  vertical  position  of  the  ler.s  holder  was 
adjusted  sc  that  the  lens  was  approximately  at  the  center  of 
waveguide  where  it  may  move  about  (shown  by  arrows)  in  the 
circulating  phosphate -buffered  saline. 
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Diagrammatic  representation  cf  damage  to  rat  lens  observed  a 
exposure  to  continuous  wave  (C'\)  microwaves  in  vitro.  Tr.e  ci 
show  the  types  and  extent  of  damage  observed  following  irrac 
with  CV’  microwaves  for  the  times  and  SAP.  values  indicated.  I 
absence  of  any  additions  to  the  circular  lens  outline  indica 
that  no  damage  was  observed.  The  average  subcapsuia  depth  cf 
damage  in  urn  is  indicated  under  each  lens  shewn.  The  lateral 
extension  cf  visible  damage  in  urn  in  the  immediate  subcapsul 
area  is  shewn  (where  appropriate)  at  the  right  side  cf  each 


OBSERVED  AFTER  M'CROW  ,VE  EXPOSURE  USING  CW  WAVES 
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T:;_rt  .  u i agramma c i c  represer,;a:ior.  of  damage  cc  ra:  ler.s  observed  after 
exposure  cc  pulsed  microwaves  in  vitro.  The  diagrams  illustrate 
the  types  anc  extent  cf  camace  observed  following  irradiation  with 
microwaves  for  the  time  and  SAR  values  indicated  in  the  table.  The 
absence  cf  any  additions  to  the  circular  ler.s  outline  indicates 
that  no  damage  was  observed.  The  average  subcapsula  depth  cf 
carnage  in  cm  is  indicated  under  each  lens  shown.  The  lateral 
extension  of  visible  damage  in  u m  in  the  immediate  subcapsula  area 
is  shewn  ' where  appropriate,  at  the  right  sice  cf  each  lens. 


EXPOSURE  USING  PULSED  WAVES 
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Figure  4 


Average  damage  observed  at  the  equatorial  regior.  of  lenses 
irradiated  for  6  min.  with  Pu  or  CW  microwave  irradiation  in  vitro 
as  described  in  text.  Depth  of  abnormal  morphology  holes, 
spherical  bodies,  foam  and  granularity  of  lens  cell  surfaces  are 
compared  for  (a)  sham-irraciation,  (t)  control  fixed  immediately 
after  dissection  without  irradiation  or  sham-i r radia t ion,  (c)  ?u 
radiation  at  40  mW/g,  lowest  SAR  at  which  abnormal  morphology  was 
detected  by  SEM  for  Fu  irradiation,  compared  to  (d)  CW-irradiat  icn 
also  at  40  mW/g,  note  absence  of  abnormal  morphology,  (e)  Pu 
irradiation  at  400  mW/g  compared  to,  (f)  CW-irradiat icn  at  400 
mW/g,  lowest  SAR  at  which  abnormal  morphology  was  detected  for  CW , 
(g)  and  (h)  1.3  V.’/g  for  (g)  Pu  and  (h)  CW  to  permit  comparison  of 
extent  of  damage  at  highest  S.AR  used  for  6  min  irradiation. 


Figure  5.  Average  damage  observed  at  the  equatorial  region  of  lenses 

irradiated  for  20  min.  with  Pu  or  CW  irradiation  in  vitro  as 
described  in  text.  Depth  of  abnormal  morphology  holes,  spherical 
bodies,  foam  and  granularity  of  lens  cell  surfaces  are  compared 
for  (a)  sham- irrad ia t ion ,  (b)  control  fixed  immediately  after 
dissection  without  irradiation  or  sham- i r rad iat ion ,  (c)  Pu 
radiation  at  20  mW/g,  lowest  SAR  at  which  abnormal  morphology  was 
detected  by  SEM  for  Pu  irradiation  for  20  min,  (d)  CW-irradiat ion 
also  at  20  mW/g  for  20  min:  note  absence  of  abnormal  morphology, 
(e)  Pu  irradiation  at  40  mW/g  compared  tc,  (f)  CW-irradiat ion  also 
at  40  mW/g,  lowest  SAR  at  which  abnormal  morphology  was  detected, 
(d)  and  (h)  1.3  W/g  highest  SAR  used  for  (g)  Pu  and  (h)  CW  to 
permit  comparison  of  extent  of  damage  at  highest  SAR  used  for  20 
min  irradiation. 


Figure  o.  Average  extent  of  damage  observed  at  the  equatorial  region  of 

lenses  irradiated  for  60  min.  with  Pu  or  CW  irradiation  in  vitro 
as  described  in  text.  Depth  of  abnormal  morphology  holes, 
spherical  bodies,  foam  and  granularity  of  lens  cell  surfaces  are 
compared  for  (a)  sham-irradiat ior. ,  (b)  control  fixed  immediately 
after  dissection  without  irradiation  or  s ham-irradiation,  (c)  Pu 
radiation  at  10  mW/g,  lowest  SAR  at  which  abnormal  morphology  was 
detected  by  SEM  for  Pu  irradiation  for  6C  min.  t'  CW-irradistion 
also  at  10  mW/g  60  min:  r.cte  slight  tut  lesser  ir  extent; 
abnormal  morphology,  (e)  Pu  irradiation  at  121  mW'g,  an 
intermediate  SAR  value  t  show  greater  extent  cf  carnage  as  corr.carec 
tc  (f)  CW-irradiatior,  alsc  at  12C  mW/g,  (g  ■  and  (h)  Pu  irradiation 
at  SAR  1.3  W/g  highest  SAR  used  for  (g)  Pu  and  (h)  CW  irradiation 
to  permit  comparison  of  extent  of  damage  at  highest  SAR  used  for 
60  min  irradiation. 


Plot  of  compute r-gene ra ted  curves  using  the  reciprocal  model 
illustrating  the  experimental ly  observed  points  and  the 
statistically  determined  best-fit  lines  fcr  the  equation  she 
mode  1  1  ( F  .  3 ) . 


Plot  of  computer-generated  curves  of  mean  depth  of  carnage  as  a 
function  of  average  power  or  normalized  power  values,  for 
different  pulse  durations  2,  10  and  20  ^seconds,  as  outlined 
section  F. U. 1 . 


HAMAGr  BY  AVERAGE  POWER  AND  PULSE  WIDTH  AT  48  kW 
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table; 


Threshold  of  Deface  (TD^) 
(Scanning  Electron  Microscopy  Only) 


Tirr.e 

Type 

Normal 

Foam 

Granulation 

Globular 

uegene re¬ 
gion 

Holes  in 

F  iber 

Cells 

Capsula: 

Damage 

6 

xir. 

Pulsec 

up  to 

6W 

6W 

6W 

20  V.* 

6  Vi 

esv; 

up  to 

2  0W 

20  W 

65  W 

— 

— 

— 

min 

Pulsed 

up  to 

0 . 5lv 

o .  5v; 

21'.' 

220V.' 

2v; 

6  5  Vi’ 

U  Vi 

up  to 

0 . 5W 

6K 

6W 

65  W 

— 

— 

60 

min 

Pul  sec 

up  to 

0 . 5W 

— 

C .  5K 

6W 

:w 

20  V. 

CK 

up  to 

C.  5W 

0 . 5W 

6W 

65  W 

65W 

(1  sample) 

— 

(n  </> 


TABLE  2 


Microwave 

Reciprocity 

Study  (Depth 

of  Damage ) 

for  CU  I 

rradi&ticr. 

Mean 

Count 

.  5  IV 

1  W 

2  W 

6  K 

20  W 

65  K 

Surr. 

Std.  Dev. 

1 

2 

3 

4 

5 

e 

6  rr.ir. . 

0 

0 

0 

0 

.  750 

14.435 

0 

0 

4 

3 

3 

4 

0 

0 

0 

0 

2.250 

57.750 

0 

0 

0 

0 

.661 

4. 175 

20  min. 

0 

0 

.613 

11.500 

17.250 

0 

c 

0 

4 

4 

4 

0 

0 

0 

3.250 

46.000 

69.000 

0 

0 

0 

.555 

4.818 

5.058 

r. 

VJ 

60  min . 

.  500 

10.666 

14.000 

15.625 

0 

0 

7 

4 

2 

4 

0 

0 

1.500 

42.750 

28.00 

62.500 

0 

0 

.  500 

2.839 

4.243 

2.610 

0 

0 

43 


TABLE  3 

"ode Is  with  Reciprocal  and  Separate  Effects  of  Exposure  Duration 
(TIME)  and  Dose  Rate  (POW)  for  Continuous  Waves . 

ln(DEP)  =  -2.31  *  .67  In (POW  TIKE)  _R^ 

+SE  -.47  _*.10  .67 

In(DEP)  =  -2.26  +  .82  Ir.(POW)  =  1.22  In  (TIKE)  .76 
■rSE  -.47  - .  09  -.13 


TABLE  5 


95%  Confidence  Intervals  for  Parameters  in  Models  (1)  and  (2) 


tfccel 

Parameters 

Estimate 

Confidence  I 

n  terva' 

u> 

b 

.  10 

.  04  tc 

.26 

o 

.  87 

.  67  to 

1.0? 

12) 

b 

.04 

.01  to 

.  10 

o 

.62 

.  64  to 

1.00 

1.22 

.96  to 

1.47 

Note:  A  95%  confidence  interval  contains  the  true  value  of  the  estimated 
parameter  with  probability  .95. 


Test  of  Reciprocal 


TABLE  7 


'S  Separate  Effects  Models  for 
Continuous  and  Pulsed  Waves 

iel  (3)  Model  (4) 

£S  dt  SS 

200.84  3  204.90 

39.61  91  35.56 

*=  10.41  (p  <  .005) 


TABLE  8 
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Mean 

Count 

Sum 

Std.  Dev. 


6  min. 


20  mir.. 


60  mm . 


Microwave  Reciprocity  Study  (Depth  of  Damage  for  Pulsed  Irradiation) 


.5  W 

1  w 

2  W 

6  W 

20  W 

65  W 

1 

2 

3 

4 

c 

6 

0 

0 

.625 

21.433 

42.475 

51.560 

0 

0 

/ 

3 

4 

5 

0 

0 

2.500 

64.300 

169.900 

257.800 

0 

0 

.750 

4.704 

1.394 

6. 140 

4.063 

0 

33.500 

39.813 

54.638 

180.000 

4 

0 

4 

4 

4 

4 

16.250 

0 

134.000 

159.250 

218.550 

720.000 

4.195 

0 

2.656 

2.095 

1.775 

8.414 

0 

17. 750 

41.620 

51.112 

185.625 

203.750 

0 

5 

5 

4 

2 

0 

88.750 

208.100 

204.450 

742.500 

407.500 

0 

3.992 

1.702 

1.286 

8.985 

1. 768 

TABLE  9 


95%  Confidence  Intervals  for  parameters  in  Models  (3) 

and  ( A ) 


Model 

Parameter 

Estimate 

Confidence  Interval 

(3) 

b 

o 

.15 

. 09  to  . 24 

bl 

4.71 

3.56  to  6.23 

b2 

.78 

. 69  to  .  88 

(4) 

b 

o 

.09 

.05  to  .16 

bi 

4 . 66 

3.60  to  6.11 

b2 

.74 

.65  to  .64 

.97 

.82  to  1.12 
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Table  12:  P-Values  and  Means  From  AN CO V A  of  Depth  of  Damage 


Factor  P-Value 


NPOV  (Covariate) 

.001 

PEAK  POWER  (PP) 

.02 

TIKE 

.001 

PPxTIME 

.01 

(Regression  Coef f icient=l . 4 


Means  Adiusted  Means 


PP 

24 

70.0 

57.8 

48 

61.3 

74.7 

TIME 

6 

38.2 

33.3 

20 

69.4 

67.3 

60 

94.5 

102.8 

END  Of  UU  ON  lll.i  I  NF'UT 
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TABLE  15 


TABU';  16 


17:  F-Values  fron  ANOVA  on  L8 


factor 

?-Value 

PULSE  WIDTH  (PW) 

.001 

POWER  (POV) 

.001 

TIME 

.001 

FVxPOW 

.001 

PWxTlME 

.001 

POWxTIME 

.79 

PWxPOWxTIME 

.007 
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